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. Here, we apply this model to two case studies, both using the five-vowel system [a] , [ae] , [i] , [u] , and [@] , but investigating the effects of variation in different components of the vocal tract.
In the first case study, we revisit the debate concerning the role of larynx height in human speech, which has important implications for the evolution of speech and language (Fitch, Boer, Mathur, & Ghazanfar, 2016; Boë et al., 2013; Lieberman, 2012) . Our model generally agrees with the conclusions of Boë, Heim, Honda, and Maeda (2002) that a descended larynx is not a necessary prerequisite for modern human speech, but also highlights that there seems to be an optimal larynx height for vowel production approximating that of a modern human female (supporting De Boer, 2010) , with a lower or higher larynx seemingly less well suited to produce the optimally expressive vowel inventories of modern human languages. Our model also allows the investigation of the behavior of the other articulators, and we found that certain articulators (such as the tongue and lips) play an important role in the (imperfect) compensation of larynx height, and that they do not seem to act individually but as components of rather complex articulatory subsystems.
The second case study looked into the more subtle effects of the shape of the hard palate. The hard palate affects the articulatory gestures required to produce a large set of speech sounds, including [ô] (Tiede, Boyce, Holland, & Choe, 2004; Zhou, Espy-Wilson, Tiede, & Boyce, 2007; Tiede, Boyce, Espy-Wilson, & Gracco, 20010) , sibilants (Weirich & Fuchs, 2011) , and high vowels (Mooshammer, Perrier, Geng, & Pape, 2004; Brunner, Fuchs, & Perrier, 2005 . As in the previous case, we first investigated the systematic differences between the acquired and target vowel system in individual agents. However, while larynx height has a relatively large effect, hard palate shape shows very weak and subtle effects. This prompted us to use iterated learning in chains of agents to investigate the amplification of anatomical biases (Kirby & Hurford, 2002; Kirby, Dowman, & Griffiths, 2007) . More precisely, we tested five chains (in a given chain all agents have the same hard palate anatomy; the five hard palate antomies are: an artifically "low" and an artificially "high" configuration, the "standard" configuration of our model, as well as the palate shapes of two human participants acquired with MRI); each chain was run for 50 generations, starting with the same five target vowels, and we ran 20 independent replications. We found that iterated transmission significantly affects the acoustics and articulation across generations, with most vowels and chains reaching a plateau before 40 generations. We found differences between the five palate shapes (including those of real participants), with a very slight tendency for the vowels to become more similar to each other (see Smith, Tamariz, & Kirby, 2013 ) on a background of vowel-and hard palate shape-specific effects.
In conclusion, using a detailed geometric model of the vocal tract, coupled with modern machine learning algorithms, allows the precise investigation of subtle effects of anatomical variation on speech (anatomical biases). The study showed human larynx height exerts strong biases that are expressed ontogenetically (i.e., during an individual's language acquisition). Weaker biases from the hard palate shape are mainly expressed glossogenetically (i.e., across cultural transmission) by an amplification effect.
